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Tumors are unique organs defined by abnormal signaling
and context

Derek Radisky, Carmen Hagios and Mina J. Bissell ∗

Many cancer investigations have focussed on the eradication
of the cancer cell itself and in doing so, overlook the inherent
complexity and heterogeneity of solid tumors. Here, we argue
that, in many cases, it is the altered communication within
the tumor, rather than mutations per se, that is the defining
characteristic of cancer. As a result, tumorigenesis can be
indirectly initiated by environmental or inherited factors that
affect the stromal cells. We propose that anticancer research
might be more effective if aimed at eradicating the cause of
abnormality rather than just treating the end result.
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Introduction

Many of the current models of multistage carcinogen-
esis describe cancer in a cell-autonomous fashion, as
a progression of genetic mutations in an increasingly
deranged tumor cell mass.1 These models have been
enormously successful in the identification and char-
acterization of many of the tumor suppressor genes
and potential oncogenes that are involved in cancer
susceptibility.2 It is equally important, however, to
recognize that solid tumors are more than just a
clonal expansion of renegade mutant cells, but are
instead heterogeneous and structurally complex.3

In this review, we present the hypothesis that tumor
progression may be best appreciated as a product of
the evolving interactions between the different cell
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types within the tumor and the microenvironment.
For the purposes of this discussion we will use the
terms ‘tumor’ and ‘cancer’ not in their conventional
sense, as a description of a monoclonal expansion
of cells, but rather to encompass the many cell types
contained within the tumor. In this larger framework,
tumor progression can be considered a developmen-
tal process, in which a complex, multicellular organ
forms in response to signaling between different
cell types. It is one of the most important goals of
this review to argue that this viewpoint, of tumors
as organs, is completely consistent with the current
body of cancer research.

We will begin with a summary of some of the mech-
anisms for communication between the cells that
comprise the tumor. Just as the function of normal
organs is determined by reciprocal communication
between the cells in the epithelial layer and in the
surrounding stroma, so the same organizational
principle applies to cancer, and the progression
from metaplasia to malignancy can be characterized
by the increasingly abnormal communications be-
tween the cells that comprise the tumor and their
microenvironment. The tumor responds to these
changing interactions, and as it evolves, it acquires
nutrients, it evades natural anticancer mechanisms,
and eventually, it invades neighboring tissues.4,5 In
traditional models, these changes have been assumed
to result solely from pre-existing or acquired defects
in the core epithelial cells. While this may be the
case in some instances, here we will present examples
in which the changes are initiated by factors that
directly affect stromal cells, and in these cases, the
altered stroma itself becomes the tumorigenic agent.
These observations suggest that disruptive stresses
may contribute to the development of cancer and
that treatments to restore normal communication
between the different cell types within a tumor could
be effective in combating cancer. We will present
several recently developed experimental systems that
can be used to investigate the cellular interactions
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in developing tumors, and more importantly, to
determine how to manipulate these interactions to
produce a functional reversion of the tumorigenic
phenotype.

Communications between cells define both
normal and tumor function

The cellular microenvironment provides functional context

Cells are surrounded by a complex, three-
dimensional extracellular matrix (ECM) that
contains a mixture of glycoproteins, proteoglycans,
cytokines, and growth factors.6,7 ECM provides both
structural support and contextual information for
cells to determine the correct response to a given set
of stimuli.8 The composition of ECM varies consid-
erably both between and within different tissues,9,10

and ECM changes temporally, as an adaptation
to changing signals during normal developmental
processes.11,12

Each cell type displays a unique array of surface
receptors tuned to its natural tissue environment. An
enormous body of literature has identified integrins
as the principal mediators of this interaction;13,14

more recently, a number of other important cell sur-
face ECM receptors have been identified, although
their roles are not yet as well characterized.13,15,16

Ligation of cell surface receptors to ECM changes
cell shape and behavior, alters the binding affinity
or cellular distribution of other integrin and non-
integrin receptors,17 and profoundly influences the
response of the cell to soluble molecules such as
growth factors.18 Depending upon the ECM context,
the same soluble factors may alternatively cause cells
to functionally differentiate, to initiate proliferation,
to arrest growth, or to cause apoptotic cell death.19

Control of growth factor signaling by ECM-defined
context ensures that cells divide and differentiate
only as needed by the organism.

Basement membrane (BM), a specialized form
of ECM, separates epithelial and stromal cells,20,21

and as 90% of all tumors involve epithelial cell pro-
liferation, changes in the BM are a particular focus
of cancer investigations. Epithelial BM is normally
composed of laminins, collagen type IV, nidogen,
and proteoglycans such as perlecan,22,23 and each
of these components have multiple isoforms. For
example, combinations of different subunits in
the laminin trimer can produce 11 variants, each
unique in structure, localization and biological

activity.22 Similarly, collagen IV can have multiple
isoforms,24,25 and two forms of nidogen have been
identified.26 Investigations of ECM composition are
starting to reveal a picture of exquisite microenviron-
mental control27,28 with considerable influence on
developmental processes.29 For example, transgenic
animals lacking only one isotype of an ECM protein
can develop with catastrophic defects in a single
tissue, although the rest of the animal is apparently
unaffected.30,31

Cancer as a disruption of ECM control

Normal homeostasis is maintained by interpreting
growth factor signaling in the ECM context. This
control can be lost through the breakdown of com-
munication mechanisms between the epithelium and
the surrounding stroma (Figure 1). For example,
an epithelial cell might incorrectly initiate a signal
to the stroma resulting in the stromal production
of a growth factor that, in turn, can stimulate the
incorrect proliferation of neighboring epithelial
cells.32 Alternatively, an aberrant matrix component
produced by stromal cells in response to a local stress
might be perceived by neighboring cells as a signal to
grow or to enter a new developmental pathway.33,34

Under normal homeostasis, these mistakes will be
corrected by cell cycle arrest or apoptotic cell death.
Occasionally, if the abnormal signal persists, the
behavior can become increasingly unbalanced,35

creating a growing, interdependent, heterogeneous
tissue, defined as a tumor by its ability to grow and
by its unresponsiveness to normal physiological
controls.36,37

As the tumor grows, the cells within continue to
respond to their immediate environment,38 and
since the tumor is itself in a state of flux, multiple and
conflicting signals can lead to increased complexity
and heterozygosity.39,40 Tumor remodeling can
include interactions with alternative ECM compo-
nents such as tenascin, fibronectin, and isoforms of
laminin,41,42 alterations that can produce cellular
proliferation, structural disruption,43,44 and circum-
vention of apoptosis.45 Throughout the process of
tumor development, the composition of ECM is
controlled in a reciprocal manner between epithelial
and stromal cells,46,47 and it is through these recip-
rocal interactions that the tumor creates a microenvi-
ronment that is favorable to proliferation,48,49

recruits new blood vessels,50,51 and stimulates the
production of metalloproteases to invade adjacent
tissues.52,53
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Figure 1. Tumor production can be the product of epithelial mutations that create an expanding, reactive tumor. However,
it is also possible for mutations or environmental factors to create a reactive stroma in advance of epithelial mutations, and
in turn produce an unstable epithelium to cause tumorigenesis.

Aberrant cell–cell signaling can be tumorigenic

Factors that are not mutagenic per se may still cause
cancer by promoting tumorigenic developmental
programs.54,55 This situation occurs from sustained
disruptions of signaling between the epithelium and
the stroma. Such disruptions may occur in cases
of chronic inflammation, from defects that lead
to stromal dysfunction, and events associated with
aging.

Inflammation

The relationship between tissue disruption and de
novo carcinogenesis has been best characterized in
association with sites of chronic inflammation.56

Persistent infections with Helicobacter pylori cause both
gastric cancer57,58 and gastric lymphoma,59 and
anti-Helicobacter therapy can produce tumorigenic
reversion.60 Similarly, hepatitis C infections produce

hepatocellular carcinoma61,62 and schistosoiasis is a
major cause of bladder cancer.63

Chronic exposure to damaging agents that induce
persistent inflammation may also result in cancer:
for example, reflux esophagitis can cause esophageal
cancer,64,65 chronic pancreatitis can lead to pan-
creatic cancer,66,67 and ulcerative colitis (UC) can
produce colorectal carcinoma.68,69 In many of these
cases, excessive proliferation and genetic damage
in the stromal compartment can be detected even
before the induction of malignant carcinoma.70

Hepatic fibrosis can lead to liver carcinoma,71

fibrotic breast disease can predispose to breast
cancer,72 and environmentally-induced fibrotic dis-
orders of the lung can increase incidence of lung
cancer.73,74 The connection between inflammation
and cancer is also reflected in epidemiological
studies in which anti-inflammatory inhibitors of the
enzyme cyclooxygenase-2 act as chemopreventative
agents.75
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The role of stroma

Phenotypic defects have been observed in cells
cultured from tissues remote from the primary
tumors. Studies performed more than a decade ago
on skin fibroblasts from breast cancer patients found
significant differences relative to fibroblasts from un-
affected individuals, including abnormal migratory
patterns on collagen gels,76,77 abnormal actin distri-
bution,78 decreased anchorage-dependent growth,
increased colony formation, and loss of cell cycle con-
trols.79,80 These differences were at times striking,
and in several cases, detection of the cell growth de-
fects preceded the discovery of the malignancy.79,80

The existence of mutations in the tumor stroma
has also been documented. This phenomenon
defines a category of tumor suppressor genes that,
when mutated or functionally absent, can disrupt
stromal function and thus produce a tumorigenic
microenvironment for the epithelial compartment.81

Heritable genetic defects that affect the stroma
can produce carcinoma in juvenile polyposis syn-
drome.82,83 Similar effects have also been observed
in syndromes associated with increased endometrial
polyps.84 This effect may also contribute to breast
cancer, as analyses of cells adjacent to mammary
tumors have found genetic alterations in the stroma
that apparently preceded genotypic changes in the
epithelial carcinomas.85,86 Taken together, these
observations suggest that systemic alterations in
intercellular communication may precede and be a
causal factor in the development of localized tumors.

Experimentally induced alterations

Targeted expression of the MMP stromelysin-1 (SL-1)
in the mammary epithelium of tansgenic mice87 pro-
duced spontaneous acquisition of stromal features
characteristic of neoplastic states88 that eventually
led to full malignancy.89–91 Analysis of the transgenic
mice revealed that SL-1, expressed initially at low lev-
els in the mammary epithelial cells, was subsequently
produced at much higher levels in stromal fibroblasts
(Figure 2).88 This observation suggested a feedback
loop for SL-1 expression between the epithelium
and the stroma, and consistent with this hypothesis,
cultured epithelial cells that contained inducible SL-
192,93 also formed tumors that became independent
of transgene expression.90 Increased expression of
the metalloproteinases matrilysin94 and stromelysin-
395,96 has also been characterized as a feedback
mechanism for maintaining the tumorigenic state.

Figure 2. Induction of stromelysin-1 in mammary epithe-
lial cells led to greatly increased production in surrounding
fibroblasts, disorganization and destruction of the BM, in-
correct signaling between the stroma and epithelium, and
subsequent neoplasia.

Normal ECM can inhibit tumor initiation and
progression

As abnormal ECM signaling can direct functional
epithelial cells toward neoplasia, normalized sig-
naling can arrest or even revert the malignant
behavior of tumors. This phenomenon is found in
the mouse skin carcinogenesis model, in which mice
treated with mutagenic agents that activate H-ras
do not develop tumors until after the application of
compounds that induce TGF-β.97 Here, activating
mutations are insufficient to override normal growth
controls. Although many details of this anticancer
mechanism are unknown, its significance is indis-
putable, as spontaneous, ras-activating mutations are
predicted to occur in thousands of cells per day,98

yet ras-related skin cancer is a relatively rare event.
If transforming mutations can be suppressed by nor-
mal microenvironmental controls, then potentially
carcinogenic mutations could be more frequent than
the occurrence of outright malignancy. In valida-
tion of this prediction, analysis of morphologically
normal epithelial cells adjacent to breast tumors
has revealed a number of chromosomal rearrange-
ments,99–101 some of which were also found in the
tumors.

Coculture experiments have been used to inves-
tigate the mechanisms that guide tumor–stroma
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Figure 3. (a) Cell autonomous. Early models depicted a mass of deranged, monoclonal cells that produced the cancer
phenotype through manipulation of surrounding cellular structures. (b) Multicellular. More accurate models account for
the interconnected nature of tumors. Here, some of the interactive effects between the components of the tumor are listed,
along with references from the text.

interactions. Fibroblasts from normal breasts have
been found to inhibit the growth of nontumorigenic
mammary epithelial cells, although fibroblasts from
cancerous breasts stimulated proliferation;102,103 sim-
ilar results have been found in coculture experiments
with prostate cells.5,104 We now need to understand
the mechanisms involved in these interactions.

Models for investigating epithelial–stromal
interactions

Observations that abnormal signaling can promote
tumorigenesis and normal signaling can block
abnormal growth suggest that early stage tumors
retain some responsiveness to ECM-mediated growth
controls. Our understanding of tumor character-
istics at these early stages is primitive, however.
To better study the mechanisms of formation,
we have devised an assay that models the breast
terminal duct lobule in a three-dimensional, re-
constituted basement membrane (rBM).105 The
mammary epithelial cells used in the assay were

derived from a reduction mammoplasty106 and
repeatedly passaged until they had acquired nu-
merous chromosomal abnormalities107–109 and
tumorigenicity.110 Although the early passage (S1)
cells were similar in appearance to the late passage
(T4-2) cells when cultured on plastic substrate,
the phenotypic difference was striking in rBM.111

Under these conditions, the S1 cells arrested
growth and formed a polarized, alveolar structure,
while the T4-2 cells proliferated amorphously.
Anti-integrin antibody treatment of the T4-2 cells
to normalize the perception of the ECM effected
reversion of both morphologic and tumorigenic
properties.112 Further investigations with this system
have identified other processes that can inhibit
malignancy.113–115

Organotypic models for other tissues have simu-
lated stratified skin epithelium, characterized double
paracrine signaling mechanisms116,117 and identified
normal environmental signals that can block malig-
nant proliferation of tumorigenic cells.118,119 Studies
such as these provide indications of the potential for
nondestructive intervention of early malignancies.
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Conclusions

Many investigations of tumorigenesis and tumor
progression have examined isolated facets of the
cancer phenotype [Figure 3(a)]. These may be cell
autonomous (such as uncontrolled DNA replication,
loss of p53, or enhanced telomerase activity), or
may involve incorrect tissue behavior (such as break-
down of cell–cell and cell–ECM contacts, incorrect
expression of metalloproteases, or angiogenesis).
This reductionist approach initially produced sig-
nificant success in the development of effective
cancer treatments, but recent progress has been less
encouraging.120

In this review, we have presented a different view
of a tumor as an interconnected and functional
tissue [Figure 3(b)], albeit one with a singularly
destructive effect on the greater organism. We
suggest that the individual facets of tumor behav-
ior are not experimentally separable, and that
a complete understanding of the developmen-
tal program of tumors will require investigative
approaches that account for this inherent interde-
pendence. To begin these investigations, we have
devised an assay that models a simplified mammary
tissue, and then followed the changes associated
with acquisition of malignancy. Other models are
under development, but much more work is re-
quired. We need to understand tumor signaling at
the critical early stages of development in much
greater detail, and we need to apply this infor-
mation to more sophisticated culture systems that
can model both normal and tumor tissues. These
approaches are still in their infancy, but we believe
that they will be essential in developing the next,
and hopefully more effective, stage of anticancer
treatments.

Acknowledgements

We would like to thank Karen Schmeichel and John
Muschler for editorial assistance and for helpful
discussions and Norene Jelliffe for expert adminis-
trative assistance. This work was supported by the
Director, Office of Biological and Environmental
Research (contract DE-AC03-76SF00098) of the US
Department of Energy and by NIH Grant CA-57621.
D Radisky was supported by a Distinguished Hol-
laender Postdoctoral Fellowship DE-AC03-SF00098.
C Hagios was supported by CABCRP (# 5FB-0158)
and by Krebsforschung Schweiz (KFS 379-9-1996).

References

1. Cahill DP, Kinzler KW, Vogelstein B, Lengauer C (2000) Ge-
netic instability and darwinian selection in tumors. Trends
Genet 15:M57–M60

2. Hanahan D, Weinberg RA (2000) The hallmarks of cancer.
Cell 100:57–70

3. Dvorak HF (1984) Tumors: wounds that do not heal. N Eng
J Med 315:1650–1659

4. Wernert N (1997) The multiple roles of tumor stroma.
Virchows Arch 430:433–443

5. Grossfeld GC, Hayward SW, Tlsty TD, Cunha GR (1998)
The role of stroma in prostatic carcinogenesis. Endocrine-
Related Cancer 5:253–270

6. Bissell MJ, Hall HG, Parry G (1982) How does extracellular
matrix direct gene expression? J Theor Biol 99:31–68

7. Aumailley M, Gayraud B (1998) Structure and biological
activity of the extracellular matrix. J Mol Med 76:253–265

8. Howe A, Aplin AE, Alahari SK, Juliano RL (1998) Integrin
signaling and cell growth control. Curr Opin Cell Biol
10:220–231

9. Tsai LH (1998) Stuck on the ECM. Trends Cell Biol 8:292–
295

10. Streuli C (1999) Extracellular matrix remodeling and cellu-
lar differentiation. Curr Opin Cell Biol 11:634–640

11. Jones FS, Jones PL (2000) The tenascin family of ECM
glycoproteins: structure, function, and regulation during
embryonic development and tissue remodeling. Dev Dyn
218:235–259

12. Huang S, Ingber DE (1999) The structural and mechanical
complexity of cell-growth control. Nature Cell Biol 1:E131–
E138

13. Aplin AE, Howe A, Alahari SK, Juliano RL (1998) Signal
transduction and signal modulation by cell adhesion recep-
tors: the role of integrins, cadherins, immunoglobulin-cell
adhesion molecules, and selectins. Pharmacol Rev 50:197–
263

14. Plow EF, Haas TA, Zhang L, Loftus J, Smith JW (2000)
Ligand binding to integrins. J Biol Chem 275:21785–21788

15. Henry MD, Campbell KP (1998) A role for dystroglycan in
basement membrane assembly. Cell 95:859–870

16. Woods A, Couchman JR (2000) Integrin modulation by
lateral association. J Biol Chem 275:24233–24236

17. Aplin AE, Howe AK, Juliano RL (1999) Cell adhesion
molecules, signal transduction and cell growth. Curr Opin
Cell Biol 11:737–744

18. Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science
285:1028–1032

19. Boudreau NJ, Jones PL (1999) Extracellular matrix and
integrin signalling: the shape of things to come. Biochem
J 339:481–488

20. Schwarzbauer J (1999) Basement membranes: putting up
the barriers. Curr Biol 9:R242–R244

21. Furness PN (1997) Basement membrane synthesis and
degradation. J Pathol 183:1–3

22. Colognoto H, Yurchenco PD (2000) Form and function: the
laminin family of heterotrimers. Dev Dyn 218:213–234

23. Iozzo RV (1998) Matrix proteoglycans: from molecular
design to cellular function. Annu Rev Biochem 67:609–652

24. Kalluri R, Cosgrove D (2000) Assembly of type IV collagen. J
Biol Chem 275:12719–12724

25. Petetclerc E, Boutard A, Prestayko A, Xu J, Sado Y, Ninomiya
Y, Sarras MP, Hudson BG, Brooks PC (2000) New functions
for non-collagenous domains of human collagen type IV. J
Biol Chem 275:8051–8061

92



Tumors are unique organs defined by abnormal signaling and context

26. Kohfeldt E, Sasaki T, Göhring W, Timpl R (1998) Nidogen-
2: a new basement membrane protein with diverse binding
properties. J Mol Biol 282:99–109

27. Miner JH (1999) Renal basement membrane components.
Kidney Int 56:2016–2024

28. Patton BL, Miner JH, Chiu AY, Sanes JR (1997) Distribution
and function of laminins in the neuromuscular system of
developing, adult, and mutant mice. J Cell Biol 139:1507–
1521

29. Misoge N, Heinmann S, Leissling A, Klenczar C, Herken
R (1999) Ultrastructural triple localization of laminin-
1, nidogen-1. and collagen type IV helps elucidate basement
membrane structure in vivo. Anat Rec 254:382–388

30. Sheppard D (2000) In vivo functions of integrins: lessons
from null mutations in mice. Matrix Biol 19:203–209

31. Hynes RO (1996) Targeted mutations in cell adhesion
genes: what have we learned from them? Dev Biol 180:402–
412

32. Skobe M, Fusenig NE (1998) Tumorigenic conversion of im-
mortal human keratinocytes through stromal cell activation.
Proc Natl Acad Sci USA 95:1050–1055

33. Coussens LM, Raymond WW, Bergers G, Laig-Webster
M, Behrendtsen O, Werb Z, Caughey GH, Hanahan D
(1999) Inflammatory mast cells up-regulate angiogene-
sis during squamous epithelial carcinogenesis. Genes Dev
13:1382–1397

34. Hewitt R, Danø K (1996) Stromal cell expression of matrix-
degrading protease systems in human cancer. Enzyme
Protein 49:163–173

35. Fiocchi C (1997) Intestinal inflammation: a complex inter-
play of immune and nonimmune interactions. Am J Physiol
273:G769–G775

36. Danø K, Rømer J, Nielsen BS, Bjørn S, Pyke C, Rygaard J,
Lund LR (1999) Cancer invasion and tissue-remodeling—
cooperation of protease systems and cell types. APMIS
107:120–127

37. Pice JT, Bonovich MT, Kohn EC (1997) The biochemistry
of cancer dissemination. Crit Rev Biochem Mol Biol 32:175–
253

38. Iida J, Meijne AML, Knutson JR, Furcht LT, McCarthy JB
(1996) Cell surface chondroitin sulfate proteoglycans in
tumor cell adhesion, motility, and invasion. Semin Cancer
Biol 7:155–162

39. Lukashev ME, Werb Z (1998) ECM signalling: orchestrating
cell behavior and misbehavior. Trends Cell Biol 8:437–441

40. Hudson JD, Shoaibi MA, Maestro R, Carnero A, Hannon GJ,
Beach DH (1999) A proinflammatory cytokine inhibits p53
tumor suppressor activity. J Exp Med 190:1375–1382

41. Wenk M, Midwood KS, Schwarzbauer JE (2000) Tenascin-C
suppresses rho activation. J Cell Biol 150:913–919

42. Lohi J, Leivo I, Oivula J, Lehto VP, Virtanen I (1998) Extra-
cellular matrix in renal cell carcinomas. Histol Histopathol
13:785–796

43. Shoenwaelder SM, Burridge K (1999) Bidirectional signal-
ing between the cytoskeleton and integrins. Curr Opin Cell
Biol 11:274–286

44. Ramos DM, Chen B, Regezi J, Zardi L, Pytela R (1998)
Tenascin-C matrix assembly in oral squamous cell carci-
noma. Int J Cancer 75:680–687

45. Sethi T et al. (1999) Extracellular matrix proteins protect
small cell lung cancer cells against apoptosis: a mechanism
for small cell lung cancer growth and drug resistance in vivo.
Nat Medicine 5:662–668

46. Clezardin P (1998) Recent insights into the role of integrins
in cancer metastasis. Cell Mol Life Sci 54:541–548

47. Taipale J, Keski-Oja J (1997) Growth factors in the extracel-
lular matrix. FASEB J 11:51–59

48. Blobe GC, Shiemann WP, Lodish HF (2000) Role of
transforming growth factor beta in human disease. N Eng
J Med 342:1350–1358

49. Ohtani H (1998) Stromal reaction in cancer tissue:
pathophysiologic significance of the expression of matrix-
degrading enzymes in relation to matrix turnover and im-
mune/inflammatory reactions. Path Int 48:1–9

50. Hanahan D, Folkman J (1996) Patterns and emerging mech-
anisms of the angiogenesis switch during tumorigenesis. Cell
86:353–364

51. Dameron KM, Volpert OV, Tainsky MA, Bouck N (1994)
Control of angiogenesis in fibroblasts by p53 regulation of
thrombospondin-1. Science 265:1582–1584

52. Chambers AF, Matrisian LM (1997) Changing views of
the role of matrix metalloproteinases in metastasis. J Natl
Cancer Inst 89:1260–1270

53. Orr FW, Wang HH, Lafrenie RM, Scherbarth S, Nance
DM (2000) Interactions between cancer cells and the
endothelium in metastasis. J Pathol 190:310–329

54. Mintz B, Silvers WK (1996) Accelerated growth of
melanomas after specific immune destruction of tumor
stroma in a mouse model. Cancer Res 56:463–466

55. Silvers WK, Mintz B (1998) Differences in latency and
indicibility of mouse skin melanomas depending on the age
and anatomic site of the skin. Cancer Res 58:630–632

56. Cordon-Cardo C, Prives C (1999) At the crossroads of
inflammation and tumorigenesis. J Exp Med 190:1367–1370

57. Kuniyasu H, Yasui W, Yokozaki H, Tahara E (2000) Helicobac-
tor pylori infection and carcinogenesis of the stomach. Lan-
genbeck’s Arch Surg 385:69–74

58. Segal ED, Cha J, Lo J, Falkow S, Tompkins LS (1999) Altered
states: involvement of phosphorylated CagA in the induction
of host cellular growth changes by Helicobacter pylori. Proc
Natl Acad Sci USA 96:14559–14564

59. Wotherspoon AC (1998) Helicobacter pylori infection and
gastric lymphoma. Br Med Bull 54:79–85

60. Nardone G et al. (1999) Effect of Helicobacter pylori infection
and its eradication on cell proliferation, DNA status, and
oncogene expression in patients with chronic gastritis. Gut
44:789–799

61. Boyer N, Marcellin P (2000) Pathogenesis, diagnosis, and
management of hepatitis C. J Hepatol 32:98–112

62. Marcellin P (1999) Hepatitis C: the clinical spectrum of the
disease. J Hepatol 31:9–16

63. Jung I, Messing E (2000) Molecular mechanisms and path-
ways in bladder cancer development and progression. Can-
cer Control 7:325–334

64. Jankowski JA, Wright NA, Meltzer SJ, Triadafilopoulous G,
Geboes K, Casson AG, Kerr D, Young LS (1999) Molecu-
lar evolution of the metaplasia–dysplasia–adenocarcinoma
sequence in the esophagus. Am J Pathol 154:965–973

65. Sonnenberg A, El-Serag HB (1999) Clinical epidemiology
and natural history of gastroesophageal reflux disease. Yale
J Biol Med 72:81–92

66. Lowenfels AB, Maisonneuve P, Lankisch PG (1999) Chronic
pancreatitis and other risk factors for pancreatic cancer.
Gastroenterol Clin North Am 28:673–685

67. Whitcomb DC, Applebaum S, Martin SP (1999) Hereditary
pancreatitis and pancreatic carcinoma. Ann NY Acad Sci
880:201–209

68. Ghosh S, Shand A, Ferguson A (2000) Ulcerative colitis. BMJ
320:1119–1123

69. Sato A, Machinami R (1999) p53 immunohistochemistry of

93



D. Radisky et al.

ulcerative colitis-associated with dysplasia and carcinoma.
Pathol Int 49:858–868

70. Willenbucher RF, Aust DE, Chang CG, Zelman SJ, Ferrell
LD, Moore DH, Waldman FM (1999) Genomic instability is
an early event during the progression pathway of ulcerative-
colitis-related neoplasia. Am J Pathol 154:1825–1830

71. Friedman SL (2000) Molecular regulation of hepatic fibro-
sis, an integrated cellular response to tissue injury. J Biol
Chem 275:2247–2250

72. Jacobs TW, Byrne C, Colditz G, Connolly JL, Schnitt SJ
(1999) Radial scars in benign breast-biopsy specimens and
the risk of breast cancer. N Eng J Med 340:430–436

73. Samet JM (2000) Does idiopathic pulmonary fibrosis in-
crease lung cancer risk? Am J Respir Crit Care Med 161:1–2

74. Mossman BT, Churg A (1998) Mechanisms in the pathogen-
esis of asbestosis and silicosis. Am J Respir Crit Care Med
157:1666–1680

75. Prescott SM, Fitzpatrick FA (2000) Cyclooxygenase-2 and
carcinogenesis. Biochim Biophys Acta 1470:M69–M78

76. Schor SL, Haggie JA, Durning P, Howell A, Smith L,
Sellwood RA, Crowther D (1986) Occurrence of a fetal
fibroblast phenotype in familial breast cancer. Int J Cancer
37:831–836

77. Schor SL, Schor AM, Rushton G (1988) Fibroblasts from
cancer patients display a mixture of both foetal and adult-
like phenotypic characteristics. J Cell Sci 90:401–407

78. Antecol MH, Darveau A, Sonnenberg N, Mukherjee B
(1986) Altered biochemical properties of actin in normal
skin fibroblasts from individuals predisposed to dominantly
expressed cancers. Cancer Res 46:1867–1873

79. Azzarone B, Mareel M, Billard C, Scemama P, Chaponnier
C, Macieira-Coelho A (1984) Abnormal properties of skin
fibroblasts from patients with breast cancer. Int J Cancer
33:759–764

80. Azzarone B, Macieira-Coelho A (1987) Further characteriza-
tion of the defects of skin fibroblasts from cancer patients. J
Cell Sci 87:155–162

81. Kinzler KW, Vogelstein B (1998) Landscaping the cancer
terrain. Science 280:1036–1037

82. Howe JR et al. (1998) Mutations in the SMAD4/DPC4 gene
in juvenile polyposis. Science 280:1086–1088

83. Jacoby RF, Schlack S, Cole CE, Skarbek M, Harris C, Meisner
LF (1997) A juvenile polyposis tumor suppressor locus at
10q22 is deleted from nonepithelial cells in the lamina
propria. Gastroenterology 112:1398–1403

84. Vanni R, Marras S, Andria M, Faa G (1995) Endometrial
polyps with predominant stromal component are character-
ized by a t(6;14)(p21;q24) translocation. Cancer Res 55:31–
33

85. Moinfar F, Man YG, Arnould L, Bratthauer GL, Ratschek
M, Tavassoli FA (2000) Concurrent and independent ge-
netic alterations in the stromal and epithelial cells of mam-
mary carcinoma: implications for tumorigenesis. Cancer Res
60:2562–2566

86. Moinfar F, Man YG, Bratthauer GL, Ratschek M, Tavassoli
FA (2000) Genetic abnormalities in mammary ductal in-
traepithelial neoplasia-flat type (‘clinging ductal carcinoma
in situ’). Cancer 88:2072–2081

87. Sympson CJ, Talhouk RS, Alexander CM, Chin JR, Clift
SM, Bissell MJ, Werb Z (1994) Targeted expression of
stromelysin-1 in mammary gland provides evidence for pro-
teinases in branching morphogenesis and the requirement
for an intact basement membrane for tissue-specific gene ex-
pression. J Cell Biol 125:681–693

88. Thomasset N, Lochter A, Sympson CJ, Lund LR, Williams

DR, Behrendtsen O, Werb Z, Bissell MJ (1998) Expression
of autoactivated stromelysin-1 in mammary glands of trans-
genic mice leads to a reactive stroma during early develop-
ment. Am J Pathol 153:457–467

89. Sympson CJ, Bissell MJ, Werb Z (1995) Mammary gland
formation in transgenic mice overexpressing stromelysin-1.
Semin Cancer Biol 6:159–163

90. Sternlicht MD, Lochter A, Sympson CJ, Huey B, Rougier
JP, Gray JW, Pinkel D, Bissell MJ, Werb Z (1999) The stro-
mal proteinase MMP3/stromelysin-1 promotes mammary
carcinogenesis. Cell 98:137–146

91. Sternlicht MD, Bissell MJ, Werb Z (2000) The matrix
metalloproteinase stromelysin-1 acts as a natural mammary
tumor promoter. Oncogene 19:1102–1113

92. Lochter A, Srebrow A, Sympson CJ, Terracio N, Werb Z,
Bissell MJ (1997) Misregulation of stromelysin-1 expression
in mouse mammary tumor cells accompanies acquisition
of stromelysin-1-dependent invasive properties. J Biol Chem
272:5007–5015

93. Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, Bis-
sell MJ (1997) Matrix metalloproteinase stromelysin-1 trig-
gers a cascade of molecular alterations that leads to sta-
ble epithelial-to-mesenchymal conversion and a premalig-
nant phenotype in mammary epithelial cells. J Cell Biol
139:1861–1872

94. Rudolph-Owen LA, Chan R, Muller WJ, Matrisian LM
(1998) The matrix metalloproteinase matrilysin influ-
ences early-stage mammary tumorigenesis. Cancer Res
58:5500–5506

95. Noel AC, Lefebvre O, Maquoi E, VanHoorde L, Chenard
MP, Mareel M, Foidart JM, Basset P, Rio MC (1997)
Stromelysin-3 expression promotes tumor take in
nude mice. J Clin Invest 97:1924–1930

96. Masson R et al. (1998) In vivo evidence that the
stromelysin-3 metalloproteinase contributes in a paracrine
manner to epithelial cell malignancy. J Cell Biol 140:1535–
1541

97. Akhurst RJ, Balmain A (1999) Genetic events and the role of
TGF-β in epithelial tumor progression. J Pathol 187:82–90

98. Frame S, Balmain A (2000) Integration of positive and
negative growth signals during ras pathway activation in vivo.
Curr Opin Genet Devel 10:106–113

99. Deng G, Lu Y, Zlotnikov G, Thor AD, Smith HS (1996)
Loss of heterozygosity in normal tissue adjacent to breast
carcinomas. Science 274:2057–2059

100. Lichy JH, Zavar M, Tsai MM, O’Leary TJ, Tautenberger
JK (1998) Loss of heterozygosity on chromosome 11p15
during histological progression in microdissected ductal
carcinoma of the breast. Am J Pathol 153:271–278

101. Washington C, Delbègue F, Abreo F, Taubenberger JK,
Lichy JH (2000) Loss of heterozygosity in fibrocystic change
of the breast: genetic relationship between benign prolifera-
tive lesions and associated carcinomas. Am J Pathol 157:323–
329

102. Van Roozendaal KEP, Klijn JGM, van Ooijen B, Claassen C,
Eggermont AMM, Henzen-Logmans SC, Foekens JA (1996)
Differential regulation of breast tumor cell proliferation by
stromal fibroblasts of various breast tissue sources. Int J
Cancer 65:120–125

103. Dong-Le Bourhis X, Bertholis Y, Millot G, Degoerges A,
Sylvi M, Martin PM, Calvo F (1997) Effect of stromal and
epithelial cells derived from normal and tumorous breast
tissue on the proliferation of human breast cancer cell lines
in coculture. Int J Cancer 71:42–48

104. Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty TD,

94



Tumors are unique organs defined by abnormal signaling and context

Cunha GR (1999) Carcinoma-associated fibroblasts direct
tumor progression of initiated human prostatic epithelium.
Cancer Res 59:5002–5011

105. Bissell MJ, Weaver VM, Lelièvre SA, Wang F, Petersen OW,
Schmeichel KL (1999) Tissue structure, nuclear organiza-
tion, and gene expression in normal and malignant breast.
Cancer Res 59:1757s–1764s

106. Briand P, Peterson OW, van Deurs B (1987) A new diploid
nontumirgenic human breast epithelial cell line isolated
and propagated in chemically defined medium. In Vitro Cell
Dev Biol 23:181–188

107. Madsen MW, Lykkesfeldt AE, Laursen I, Nielsen KV, Briand
P (1992) Altered gene expression of c-myc, epidermal
growth factor receptor, transforming growth factor-α and c-
erb-B2 in an immortalized human breast epithelial cell
line, HMT-3522, is associated with decreased growth fac-
tor requirements. Cancer Res 52:1210–1217

108. Moyret C, Madsen MW, Cooke J, Briand P, Theillet C (1994)
Gradual selection of a cellular clone presenting a mutation
at codon 179 of the p53 gene during establishment of the
immortalized human breast epithelial cell line HMT-3522.
Exp Cell Res 215:380–385

109. Nielsen KV, Madsen MW, Briand P (1994) In vitro karyotype
evolution in a cell line established from nonmalignant
human mammary epithelium. Cancer Genet Cytogenet
39:103–118

110. Briand P, Nielsen KV, Madsen MW, Petersen OW (1996) Tri-
somy 7p and malignant transformation of human breast ep-
ithelial cells following epidermal growth factor withdrawal.
Cancer Res 56:2039–2044

111. Petersen OW, Ronnov-Jessen L, Howlett AR, Bissell MJ
(1992) Interaction with basement membrane serves to
rapidly distinguish growth and differentiation pattern of
normal and malignant human breast epithelial cells. Proc
Natl Acad Sci USA 89:9064–9068

112. Weaver VM, Peterson OW, Wang F, Larabell CA, Briand P,
Damsky C, Bissell MJ (1997) Reversion of the malignant
phenotype of human breast cells in three-dimensional
culture and in vivo by integrin blocking antibodies. J Cell
Biol 137:231–245

113. Lelièvre SA, Weaver VM, Nickerson JA, Larabell CA, Bhau-
mik A, Petersen OW, Bissell MJ (1998) Tissue phenotype de-
pends on reciprocal interactions between the extracellular
matrix and the structural organization of the nucleus. Proc
Natl Acad Sci USA 95:14711–14716

114. Wang F, Weaver VM, Petersen OW, Larabell CA, Dedhar S,
Briand P, Lupu R, Bissell MJ (1998) Reciprocal interactions
between β-1-integrin and epidermal growth factor receptor
in three-dimensional basement membrane breast cultures:
a different perspective in epithelial biology. Proc Natl Acad
Sci USA 95:14821–14826

115. Chen HM, Schmeichel KL, Mian IS, Lelièvre S, Petersen
OW, Bissell MJ (2000) AZU-1: a candidate breast tumor
suppressor and biomarker for tumor progression. Mol Biol
Cell 11:1357–1367

116. Maas-Szabowski N, Stark HJ, Fusenig NE (2000) Ker-
atinocyte growth regulation in definied organotypic cultures
through IL-1-induced keratinocyte growth factor expression
in resting fibroblasts. J Invest Dermatol 114:1075–1084

117. Fusenig NE, Boukamp P (1998) Multiple stages and genetic
alterations in immortalization, malignant transformation,
and tumor progression of human skin keratinocytes. Mol
Carcinog 23:144–158

118. Vacariello M, Javaherian A, Wang Y, Fusenig NE, Garlick JA
(1999) Cell interactions control the fate of malignant ker-
atinocytes in an organotypic model of early neoplasia. J In-
vest Dermatol 113:384–391

119. Javaherian A, Vaccariello M, Fusenig NE, Garlick JA (1998)
Normal keratinocytes suppress early stages of neoplastic pro-
gression in stratified epithelium. Cancer Res 58:2200–2209

120. Sporn MB (1996) The war on cancer. Lancet 347:1377–1381

95


	Introduction
	Communications between cells define both normal and tumor function
	Fig. 1

	Aberrant cell--cell signaling can be tumorigenic
	Fig. 2

	Normal ECM can inhibit tumor initiation and progression
	Fig. 3

	Models for investigating epithelial--stromal interactions
	Conclusions
	References

